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We report a combined theoretical and experimental study of the spectral and polarization de- 
pendence of near resonant radiation coherently backscattered from an ultracold gas of 85 Rb atoms. 
Measurements in a ±6 MHz range about the 5s 2 £1/2 — > 5p 2 P^/2 F — 3 — > F' = 4 hyperfine tran- 
sition are compared with simulations based on a realistic model of the experimental atomic density 
distribution. In the simulations, the influence of heating of the atoms in the vapor, magnetization 
of the vapor, finite spectral bandwidth, and other nonresonant hyperfine transitions are considered. 
Good agreement is found between the simulations and measurements. 
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I. INTRODUCTION 



Coherent wave scattering effects in disordered media 
display an extraordinary variety of phenomena which are 
of both fundamental and practical concern. Of partic- 
ular interest is that coherent wave scattering shows a 
broad universality which makes possible a qualitatively 
similar description for different types of wave excitation 
in a variety of media. These range, as an illustration, 
from enhancement of light scattering off the lunar re- 
golith and the rings of Saturn on the one hand |l| , to ex- 
planation of peculiarities in propagation of waves in the 
solid earth on the other 2J. In addition, coherent wave 
scattering is a useful technique for diagnosing the average 
properties of scatterers in turbid media, and for assessing 
relatively thin surface layers in biological and mechani- 
cal materials 0, 0, 3 The propagation of light waves in 
natural photonic materials such as opal gives the valu- 
able semiprecious gemstone its highly valued beauty. Of 
fundamental scientific importance, coherent wave scat- 
tering was first recognized by Anderson |5| in the con- 
text of interference of electron wave scattering in con- 
ductors. As the scattering mean free path decreases and 
becomes shorter than a characteristic length on the or- 
der of the wavelength, wave diffusion slows as a result 
of wave interference. The limiting case where diffusion 
ceases is called strong localization, where the propagat- 
ing wave becomes spatially localized inside the medium. 
For electromagnetic radiation 0, Q , two recent reports 
of strong localization have been made, one in the opti- 
cal regime , and the other for microwave radiation • 
A major long-term and fundamental goal of the research 
presented here, and of other researchers in the field, is 
to attain strong localization of light, but in an ultracold 
atomic vapor. 

Quite recently, coherent multiple light scattering has 
been observed in ultracold atomic gases, which form a 
unique and flexible medium for fundamental studies and 



practical applications 0, U IToL ITU . In all cases, the 
essential physical mechanisms are due to interferences 
in multiple wave scattering from the components of the 
medium; under certain not very stringent conditions the 
interferences survive configuration averaging, thus gen- 
crating macroscopic observables. First observations and 
initial explanations for electromagnetic radiation were of 
the so-called coherent backscattering (CBS) cone in dis- 
ordered media |12l ll 'l 1 1 ll ] . For radiation incident on a 
diffusive medium, the effect manifests itself as a spatially 
narrow (~1 mrad) cusp-shaped intensity enhancement 
in the nearly backwards direction 0, 3 . As electromag- 
netic waves are not scalar, the detailed shape and size of 
the enhancement depends on the polarization of the in- 
cident and the detected light. Nevertheless, for classical 
radiation scattering from a So — > Pi atomic transition, 
the largest possible interferometric enhancement is to in- 
crease the intensity by a factor of two. 

Atomic gases, because they have exceptionally high-Q 
resonances, and because the light scattering properties 
may be readily modified by light polarization or intensity, 
atomic density, and applied external fields, represent an 
interesting and flexible medium in which to study the role 
of multiple scattering. However, to achieve the full poten- 
tial of atomic scatterers as a practical medium for such 
studies, it is necessary to significantly cool the atoms, 
in order to suppress the dephasing effects of atomic mo- 
tion. Coherent backscattering interference has, in fact, 
been measured in 85 Rb and Sr and quite suc- 

cessfully modeled for resonant and near-resonant scat- 
tering as well 0, 0, 0, . Measurements have also 
been made of the magnetic field dependence of the co- 
herent backscattering line shape [ljj, and of the time- 
dependence, for a particular geome try, of light scattered 
in the coherent scattering regime [20|. However, there 
remains a significant range of physical parameters as- 
sociated with the various processes which have not yet 
been fully explored. Among these are the influence of 
light intensity, nonzero ground state multipoles such as 
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alignment or orientation, cooperative multi-atom scat- 
tering associated with higher atomic density, and more 
general geometries for time-dependent studies. In the 
present report we concentrate attention on another vari- 
able, that being the dependence of the coherent backscat- 
tcring enhancement on detuning of the probe beam from 
exact resonance. It is clear that non-resonant excitation 
of the atomic sample results in a smaller optical depth 
(and associated larger transport mean free path) of the 
medium |l5l Il6j| . However, theoretical and experimen- 
tal results presented here reveal that other more sub- 
tle effects, including far-off-resonance optical transitions, 
heating of the vapor by multiple light scattering and self- 
magnetization of the vapor during the CBS phase, can 
have significant effects on the spectral variation of the 
CBS enhancement. 

In the following sections we first present an overview 
of the physical system, including how atomic samples are 
prepared and characterized and a brief review of measure- 
ments of coherent backscattering from an atomic vapor. 
This is followed by a summary of the approach to simu- 
late coherent multiple scattering in an ultracold atomic 
gas. We then present our experimental and theoretical 
results, with focus on various mechanisms that can influ- 
ence the spectral variation of the coherent backscattering 
enhancement factor. 



II. OVERVIEW OF PHYSICAL SYSTEM 

A. Preparation and description of ultracold atomic 
sample 

Preparation of the ultracold atomic 85 Rb sample used 
in the measurements described in this paper has been 
described in detail elsewhere 0], but for completeness 
will be briefly reviewed here. The samples are formed 
in a vapor-loaded magneto-optical trap (MOT) which 
is operated in a standard six-beam configuration. The 
trapping laser is detuned a frequency of -2.77 from reso- 
nance, where 7 ~ 5.9 MHz, is the natural linewidth of 
the F = 3 — > F' — 4 hyperfine transition in 85 Rb. Laser 
light for the MOT is derived from an injection locked 
diode laser (Sanyo DL7140-201) which is slaved to a mas- 
ter laser (Hitachi HG7851G). The master laser is locked 
to a crossover peak produced in a Doppler-free saturated 
absorption spectrometer. Laser locking is achieved by 
dithering the master laser current and demodulating the 
saturation absorption spectrum with a lock-in amplifier. 
In order to produce the required light for hyperfine re- 
pumping, the slave laser is microwave modulated to pro- 
duce a sideband at the wavelength corresponding to the 
F = 2 — ► F' = 3 hyperfine transition. Light exiting the 
slave passes through an acousto-optic modulator (AOM), 
which is used as an optical switch, and subsequently cou- 
pled into a single mode fiber optic patchcord. The com- 
bination of the AOM switching and fiber coupling results 
in an ^65 dB attenuation of the trapping laser light. Af- 
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FIG. 1: Schematic diagram of the coherent backscattering 
apparatus. Shown in the figure is an acousto optic mod- 
ulator (AOM), magneto optic trap (MOT), linear polarizer 
(LP), quarter wave plate (QWP), and a charge coupled de- 
vice (CCD) camera. 



ter exiting the fiber, the trapping light is split into three 
beams and sent to the MOT. Each beam contains ^3.3 
mW of light and is retroreflected, generating an average 
~19 mW in the center of the chamber. 

In order to ascertain the number and density of con- 
fined atoms, we employ absorption and fluorescence 
ima ging . We find that the MOT is not completely spher- 
ical , but rather is somewhat 'cigar-shaped' hav- 
ing 1/e 2 Gaussian radii of 1.1 mm and 1.38 mm, where 
the radius is defined according to the density distribu- 
tion n(r) = hq cxp(— r 2 /2tq), n$ being the peak density. 
This distribution results in an optical depth through the 
center of the MOT of about 6, where the optical depth 
b is defined as resulting in an attenuation of the inci- 
dent intensity by a factor e~ h . We determine the peak 
optical depth by direct measurement of the transmit- 
ted CBS light intensity through the central region of 
the MOT. In these measurements, probing of the den- 
sity takes place when the MOT lasers are off, for they 
result in a significant excited state fraction, decreasing 
the measured optical depth. For a Gaussian atom dis- 
tribution in the MOT, the optical depth is given by b — 
V / 27ro'o rl o r Oj where Co is the cross-section for light scat- 
tering |2l| . With the values given above and an average 
Gaussian radius r = 1.2 mm, we calculate that the MOT 
contains approximately 4.3 x 10 8 atoms and has a peak 
density no = 1-6 x 10 10 atoms-cm -3 . Note that these 
parameters are large enough to insure an optical depth 
large enough for coherent multiple scattering, but that 
the density is not so large as to necessitate consideration 
of cooperative pair scattering in the vapor. 

The vapor-loaded MOT is formed in a custom-made 
stainless steel ultrahigh vacuum (UHV) chamber that is 
pumped by both an ion and titanium sublimation pump. 
The UHV chamber is fitted with a stainless-steel sidearm 
containing a valvable and heated Rb reservoir. Because 
we are observing light which is backscattered from our 
sample, it is critical that all other backscattered reflec- 
tions are suppressed. A major source of unwanted back- 
scattered light is from the vacuum viewports on the MOT 
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chamber. In order to minimize this light, we installed 
wedged optical quality windows having a "V"-type an- 
tireflection (AR) coating at 780 nm on the probe-laser 
(described in the following section) entrance and exit 
ports. The AR coating results in less than 0.25% reflec- 
tivity at 780 nm. Further, the window through which the 
probe laser beam enters is mounted on a UHV bellows, 
allowing us to better direct unwanted reflections from 
entering the charge-coupled device (CCD) detector. We 
also found it necessary to replace the standard window 
on the CCD camera with a wedged and near-infrared AR 
coated window in order to suppress interference fringe 
formation in the CCD images. 



B. Measurement of atomic coherent backscattering 

We present in this section a brief overview of the co- 
herent backscattering apparatus used to obtain the ex- 
perimental results reported here. Further details may be 
found in Kulatunga, et al. |Toj . where the experimental 
apparatus used in experiments to study coherent radia- 
tive transfer in an ultracold gas of 85 Rb ^| is described. 
A schematic diagram of the arrangement is shown in Fig- 
ure 1. There the external light source used in the exper- 
iment is provided by an external cavity diode laser that 
is stabilized by saturated absorption to a crossover res- 
onance associated with hyperfine components of the 5s 
2 Si/2 — ► 5p 2 P3/2 transition. With reference to Figure 2, 



which shows relevant hyperfine transitions in 85 Rb, the 
laser may be tuned several hundred MHz from nearly any 
hyperfine resonance in 85 Rb by a standard offset locking 
technique using an acousto-optic modulator. Detuning 
from resonance is defined by A = ujl— luq, where u>l is the 
CBS laser frequency and luq is the F = 3 — > F' — 4 reso- 
nance frequency. The laser bandwidth is a few hundred 
kHz, and the typical output power is ^5 mW. The laser 
output is launched into a single mode polarization pre- 
serving fiber and then beam expanded and collimated by 
a beam expander to a 1 /e 2 diameter of about 8 mm. The 
polarization of the resulting beam is selected and then the 
beam passed through a nonpolarizing and wedged 50-50 
beam splitter that passes approximately half of the laser 
power to the atomic sample. The backscattered radia- 
tion is directed by the same beam splitter to a field lens 
of 45 cm focal length, which condenses the light on the 
focal plane of a liquid nitrogen cooled CCD camera. The 
diffraction limited spatial resolution is about 100 /irad, 
while the polarization analyzing power is greater than 
2000 at 780 nm. There are four polarization channels 
that are customarily studied in coherent backscattering. 
For linearly polarized input radiation, two of these corre- 
spond to measuring the backscattered light in two mutu- 
ally orthogonal output channels. This is readily achieved 
by removing the quarter wave plate, as shown in Figure 
1, and rotating the linear polarization analyzer located 
before the field lens. For input radiation of definite helic- 
ity, that being generated by the linearly polarized input 
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FIG. 2: Hyperfine energy levels of relevant transitions in 
atomic 85 Rb. 



and the quarter wave plate, the other two channels corre- 
spond to the helicity of the backscattered radiation. This 
is similarly measured by rotation of the linear polarizer 
just before the field lens. The instrumentation as de- 
scribed, with some modifications to suppress the intense 
trapping beam fluorescence, has been previously used to 
study coherent backscattering in ultracold atomic gases 
and in solid and liquid samples as well [Tfi| . 

Measurements of the backscattered light is made by ex- 
posing the ultracold atoms to the CBS laser light for an 
interval of 0.25 ms temporally centered in a 5 ms dark in- 
terval during which the MOT lasers are turned off. The 
MOT lasers are then turned back on for 20 ms, which 
is sufficiently long that the cold atom sample is reconsti- 
tuted. This procedure is repeated for 300 s, which con- 
stitutes a single experimental run. A run of 300 s with 
the MOT absent allows measurement of the background, 
which is principally due to hot atom fluorescence excited 
by the CBS laser. Attenuation of the CBS laser by the 
MOT during the data taking phase, which reduces the 
amount of background during the backscattering run, in 
comparison with the background phase, is accounted for 
by auxiliary measurements of the MOT attenuation of 
the CBS laser intensity. Finally, the saturation parame- 
ter for the CBS laser is less than s = 0.08 on resonance, 
which with the 0.25 ms measurement interval is sufficient 
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to minimize mechanical action of the CBS laser beam on 
the atomic sample. 



C. Brief overview of the theoretical treatment 

A general theory of the coherent backscattering pro- 
cess in an ultracold atomic gas has been developed re- 
cently by several groups 0, fit! Il7j . The theoretical de- 
velopment essentially maintains the earlier conceptions 
of weak localization in the atomic scattering problem 
[22|. and takes into account the influence of the optical 
depth and sample size on the character of the coherent 
backscattering cone. In spite of the fact that the ba- 
sic ladder and interference terms, describing the process, 
have a similar structure in all the theoretical approaches, 
there are certain types of accompanying physical phe- 
nomena which can become more important as more de- 
tailed experimental or theoretical spectral analysis is con- 
sidered. 

In our earlier theoretical approach |15| , the general an- 
alytical development was realized by a Monte-Carlo sim- 
ulation of coherent multiple scattering in an ultracold 
(T < 50 /iK) gas of 85 Rb atoms confined in a magneto 
optical trap. The simulation was closely matched to the 
experimental density distribution and temperature con- 
ditions as described in the previous paragraphs. The 
radiation field frequency was selected to be in the vicin- 
ity of the F = 3 — * F' = 4 hypcrfinc transition, and to 
have polarization states and a weak-field intensity corre- 
sponding to the experimental realization. The effects of 
sample size, and the spatial and polarization dependence 
of the coherent backscattering cone were considered in 
detail. Some aspects of the spectral variation of the co- 
herent backscattering enhancement factor were also con- 
sidered, including the surprisingly-strong influence of the 
far-off-resonance F = 3^F' = 3a,ndF = 3^F' = 2 
hyperfine transitions. However, other physical effects can 
have a profound influence on the spectral variations, and 
we consider some of those in the present report. Among 
these, for currently achievable laboratory conditions, are 
(i) heating of the atomic gas by multiple scattering of 
the probing light source, (ii) optical pumping effects ini- 
tiated by the probe or MOT lasers, and (iii) the influence 
of the finite bandwidth of the probe laser. Each of these 
effects has been quantitatively ignored in earlier studies, 
since their role is not so crucial to calculations of the 
basic characteristics of the CBS process. Of particular 
interest is the influence of atomic motion and internal 
polarization variables on the spectral variations of the 
CBS enhancement. We point out that to properly ac- 
count for these factors, it is necessary to consider the 
influence of the mean field on both attenuation and dis- 
persion of the multiply scattered light, and to include 
also the anisotropic Green's function for light propagat- 
ing along a chain of scatterers. As is seen in the follow- 
ing section, inclusion of some such effects, in isolation or 
combination, may well be essential to better agreement 



between experimental and theoretical results. 

Finally we emphasize that the simulations are made 
for conditions quite close to those in the experiment. 
These conditions include sample size, temperature, shape 
and density, and the characteristic intensity of the CBS 
laser beam. These conditions are such that cooperative 
scattering may be neglected, and such that saturation of 
the atomic transition is also negligible. In simulations of 
thermal effects, and of the influence of atomic magnetiza- 
tion on the coherent backscattering enhancement, more 
severe conditions are used in order to illustrate possible 
range of influence of the effects. 



III. EXPERIMENTAL AND THEORETICAL 
RESULTS 

In this section we present experimental and theoretical 
results associated with backscattering of near-resonance 
radiation from ultracold atomic 85 Rb. First we present 
experimental measurements of the spectral variation of 
the coherent backscattering enhancement, in a range of 
approximately ±6MHz, as a function of detuning from 
the F — 3 — > F' — 4 hyperfine transition. These results 
are directly compared to theoretical simulations, made 
with inclusion of the influence of off-resonant hyperfine 
transitions and considering an ultracold sample not at 
absolute zero. Second, we present simulations of sev- 
eral effects which should generally be considered when 
modelling coherent backscattering from ultracold atomic 
vapors. 



A. Spectral variation of the CBS enhancement: 
experimental results 

Measurements of the variation of the coherent 
backscattering enhancement with detuning of the CBS 
laser, in a ±6MHz range around the F = 3 — * F' = 4 
hyperfine transition, are shown in Figures 3-6. The mea- 
surements have a typical uncertainty on the order of 2%, 
this being due to a combination of statistical uncertainty 
due to counting statistics in the spatial intensity mea- 
surements, but also an estimated uncertainty due to the 
cone fitting procedure, as described previously [Tol |. In 
addition, there is residual noise in the spatial distribu- 
tion of backscattered light due to speckle in the I | 1 I and 
h _L h channels; slight variations in speckle appearing in 
background scattered light from run to run does not com- 
pletely average to zero. This effect is responsible for the 
somewhat larger fluctuations in the extracted enhance- 
ment factors for these two polarization channels. There 
is a small systematic reduction of the peak enhancement 
due to the finite spatial resolution of the backscatter- 
ing polarimeter, an effect which arises from smoothing 
of the nearly cusped shaped CBS cone near its peak by 
the finite spatial resolution of the instrument. This is 
accounted for by using a Lorentzian model of the spatial 



5 




FIG. 3: Comparison of experimental and theoretical enhance- 
ment spectra in the I \\ I polarization channel. Theoretical 
spectra show modification by Doppler broadening, which is 
varied from kvo — to kvo — 0.257, in an ensemble of 85 Rb 
atoms having a peak density of no = 1.6 x 10 10 cm -3 and a 
Gaussian radius ro = 1 mm. 



FIG. 5: Comparison of experimental and theoretical enhance- 
ment spectra in the helicity preserving polarization 
channel. Theoretical spectra show modification by Doppler 
broadening, which is varied from kvo = to kvo = 0.257, 
in an ensemble of 85 Rb atoms having a peak density of 
no = 1.6 x 10 10 cm -3 and a Gaussian radius ro = 1 mm. 
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FIG. 4: Comparison of experimental and theoretical enhance- 
ment spectra in the / _L / polarization channel. Theoretical 
spectra show modification by Doppler broadening, which is 
varied from kvo = to kvo = 0.257, in an ensemble of 85 Rb 
atoms having a peak density of no = 1.6 x 10 10 cm -3 and a 
Gaussian radius ro = 1 mm. 
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FIG. 6: Comparison of experimental and theoretical enhance- 
ment spectra in the helicity non-preserving (h _L h) po- 
larization channel. Theoretical spectra show modification 
by Doppler broadening, which is varied from kvo = to 
kvo = 0.257, in an ensemble of 85 Rb atoms having a peak 
density of no = 1.6 x 10 10 cm -3 and a Gaussian radius 
ro = 1 mm. 



response and the CBS cone, which allows an estimate of 
the amount of reduction. Justification for this is made by 
the fact that the spatial variation of the simulated cones 
is to a good approximation described by a Lorentzian, as 
is the measured spatial response of the experimental ap- 
paratus. In our case, accounting for this effect amounts 
to a maximum decrease in the peak enhancement ^0.01 



in the enhancement for the narrowest cones, which ap- 
pear in the h \ \ h data. This estimated correction is not 
made to the data in Figs. 3-6. On the scale of the figures, 
there is negligible uncertainty in the detuning measure- 
ments. 

Also shown in the figures are simulations of the en- 
hancement for several different values of the average 
Doppler shift of the atoms, measured in units of the nat- 
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ural spectral width 7. It appears, from comparison of 
the experimental data and the simulations that the data 
is better described by inclusion of some nonzero average 
heating of the vapor on the order of a few hundred kHz. 
Note that in a following section we model the influence 
of the finite bandwidth of the CBS laser; it is seen there 
that the decrease in enhancement on resonance, as seen 
in Figures 3-6, cannot be explained by that mechanism. 



B. Influence of dynamical heating 

The initial temperature of the atomic ensemble is ~ 
50 fiK, which makes negligible any possible spectral man- 
ifestations caused by atomic motion. However, during 
the interaction time, the probe light produces a certain 
mechanical action on the atoms. The radiation force as- 
sociated with the probe light can accelerate the atoms 
and heat them to temperatures where the Doppler broad- 
ening and shift can become comparable with the natural 
linewidth. It is important to recognize that the initial 
scattering event transfers momentum from the CBS laser 
to the atomic ensemble, but that subsequent scattering of 
the light deep within the sample is more nearly isotropic, 
resulting in some effective heating of the atoms during the 
CBS data taking phase. Although the dynamical process 
is complex, and is currently under study, we present here 
a short discussion of this process by comparing several 
scanning spectra averaged over an equilibrium Maxwell 
distribution of atom velocities, that is for different tem- 
peratures and respectively for different Doppler widths. 
The drift velocity of the atomic cloud, which also ex- 
ists but was ignored in our calculations, leads (to a good 
approximation) to a Doppler shift of all the spectral de- 
pendencies into the blue wing with respect to the laser 
frequency lu j, . 

In addition to the experimental data, there are also 
shown in Figures 3-6 calculated spectral variations of 
the enhancement factor for all four polarization chan- 
nels. In the graphs, the velocity is indicated as a frac- 
tion of the natural width of the atomic transition, kvo 
(i>o = y^^ksT /m is the the most probable velocity in the 
atomic ensemble). It is seen from these graphs that the 
shape of the spectra becomes significantly modified, even 
for an average Doppler breadth of O.I7, where 7 is the 
natural atomic width. Similar results are also obtained 
in the linear polarization channels. The overall trend 
suggests that dynamical heating, or some other mecha- 
nism which modifies the spectrum in a similar way, will 
be required to describe the experimental results. Of par- 
ticular interest is the helicity preserving channel (Figure 
5) . Unique to this case is an increase in the enhancement, 
even for no atomic motion, for moderate detunings away 
from exact resonance. As described in a previous report 
im j this is due to the suppressed role of Raman- type sin- 
gle scattering. The asymmetry is due to the nonnegligible 
influence of far off resonance hyperfine transitions on the 
coherent backscattering enhancement. This effect is sug- 
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FIG. 7: Scanning spectra of CBS enhancement for (a) h \\ h 
and (b) h _L h polarization channels. Spectra are shown for an 
average Doppler broadening varying from kvo — to kvo = 7, 
in the ensemble of 8o Rb atoms with no = 1.6 x 10 10 cm -3 and 
ro = 1 mm. 



gested in the overall spectral trend of the data, although 
more precise measurements are clearly in order. In the 
following section, we see that a much larger enhance- 
ment increase at greater detunings can also arise from 
dynamical (or static) magnetization of the vapor along 
the direction of propagation of the CBS laser beam. 



We finish this section by presenting for completeness 
theoretical results over a wider spectral range for the de- 
tuning dependence of the CBS enhancement. These are 
shown in Figure 7 (a) for the helicity preserving channel 
and in Figure 7 (b) for the helicity nonpreserving chan- 
nel. The results show that there is some persistence 
of the CBS enhancement, even for an average Doppler 
broadening on the order of the natural line width of the 
atomic transition, and that this enhancement increases at 
larger detunings, before falling off at the largest offsets, 
when single scattering becomes dominant. 
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FIG. 8: Diagram explaining the CBS phenomenon for double 
scattering in an ensemble of oriented atoms of 85 Rb atoms. 
There is only one transition amplitude in the helicity preserv- 
ing channel, which leads to maximal enhancement of back- 
ward scattered light. The direct and reciprocal transitions 
and photon paths are shown by solid and dashed arrows re- 
spectively. 



C. Optical pumping effects 

Effects on coherent radiative transport in an atomic 
vapor will generally depend on the polarization of the in- 
cident light and on the nonzero ground state multipolcs 
in the atomic vapor. In our experimental arrangement, 
the atoms are confined to a magneto optic trap, in which 
there exist generally spatially varying hyperfine multi- 
poles. However, the MOT lasers are typically turned off 
for several ms before taking data in a coherent backscat- 
tering experiment, and residual macroscopic atomic po- 
larization should be largely dissipated on that time scale. 
However, there can be hyperfine multipoles generated by 
the CBS laser itself, dynamically polarizing the vapor. 
The main argument, why there is no optical pumping 
manifestation in the CBS process, comes from the rea- 
sonable assumption that under not atypical experimental 
conditions the probe radiation is weak and characterized 
by a small saturation parameter. However, it is quite 
clear that in an ensemble of cold atoms the relaxation 
mechanisms in the ground state, which mainly are colli- 
sional, play a reduced role and become even negligible. 
Then, after each cycle of interaction with the polarized 
CBS light, the atomic ensemble can accumulate a certain 
degree of polarization, which may be either of an orienta- 
tion or alignment type. Of particular interest to us here 
is when the incident radiation has definite helicity, which 
can magnetize the vapor along the CBS propagation di- 
rection. It is quite difficult to estimate precisely the 
actual dynamical spatial distribution, within the atomic 
cloud, of polarization generated during the whole interac- 
tion cycle. Therefore in this section we only qualitatively 
illustrate how the optical pumping effects can change a 
basic characteristic of the CBS process such as the en- 
hancement factor. 



Consider probing the atomic sample with positive he- 
licity circular polarized radiation. Let us consider fur- 
ther that, due to optical pumping, the atoms become 
oriented only along the propagation direction of the light 
beam. In steady state, following a sufficiently long pump- 
ing time, if there is no relaxation in the ground state, 
the atoms should be concentrated in the Zeeman sub- 
level F — 3, M = 3, see Figures 2 and 8. Of course, 
this is an idealized case which can never be precisely at- 
tained in reality, but such a model situation is conve- 
nient for illustrative purposes. The spectral variations 
of the enhancement factor for such an oriented ensem- 
ble are shown in Figure 9 for the case of monochromatic 
probe radiation and for a Gaussian-type cloud with the 
peak density n = 1.6 x 10 10 cto~ 3 and with a radius 
r = 1 mm. 

The spectral variation of the enhancement in the helic- 
ity preserving channel shows quite unusual behavior, in 
that there is no reduction of the CBS enhancement in the 
spectral wings. On the contrary, the enhancement factor 
approaches its maximal possible value of two. The lim- 
iting factor of two is normally associated with Rayleigh- 
type scattering on classical objects. But here we deal 
with Rayleigh-type scattering under approximately at- 
tainable, but not typical quantum conditions. This re- 
sult may be explained by a simple but fundamental prop- 
erty that in such a coherent atomic ensemble there is no 
single-atom scattering of Raman-type radiation in the 
backward direction, which potentially could also be a 
source of backscattered light in the helicity-preserving 
channel. Moreover, the partial contribution of only dou- 
ble scattering on oriented atoms in an optically thin sam- 
ple causes the enhancement factor to take the maximum 
possible numerical value of two. This can be understood 
by turning to Figure 8, where it is shown that there is 
only one channel, or one product of the transition ma- 
trix elements, contributing in the scattering amplitude 
of the double Rayleigh scattering, that is in the helicity 
preserving channel. These are ideal conditions to observe 
maximal enhancement in the CBS process. In higher or- 
ders there are several partial contributions and not all 
of them can interfere. This, as usual, leads to essential 
reduction of the interference contribution to the total in- 
tensity of scattered light. Due to such reduction the en- 
hancement factor considerably decreases in the spectral 
domain near the resonance scattering, as shown in Figure 
9. Thus in the wings of the helicity preserving curve in 
the graph of Figure 9 a unique situation is revealed when 
in an optically thin medium under special conditions the 
enhancement factor can increase to its maximal value. 

The multiple scattering in the helicity non-preserving 
channel shows more ordinary behavior. The disappear- 
ance of CBS in the wings is caused by the dominating 
contribution of single scattering events as far as the sam- 
ple becomes optically thin. We point out that there is, 
for this polarization channel also, a certain increase of the 
maximal value of enhancement in comparing with a non- 
oriented atomic ensemble. Here, as in the linear polariza- 
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FIG. 9: Scanning spectra of enhancement for circular polar- 
ized probe light in an ensemble of atoms of 85 Rb atoms with 
100% orientation in the direction the light propagation. The 
spectra were calculated for a Gaussian type atomic cloud with 
no = 1.6 x 10 10 cm -3 and ro = 1 mm. 



as S 

u s 



0.30 
0.25 
0.20 
0.15 
0.10 
0.05 
0.00 



< a )/zll/z,A=1.5y,y L =y/6 

CBS spectral response 

Input spectrum J 






2-10123 

(co-co o )/y 


(b) /*ll/*,A=1.5y, y L =y/6 \ 

Interference spectral f| 

response | 

Input spectrum / 





tion channels, we see that optical pumping phenomenon 
leads to some quantitative but not qualitative changes in 
observation of the CBS process. However, the combined 
results of the numerical simulations presented in this and 
the previous section suggest that the experimental results 
may be essentially modified by the combined influence of 
thermal and optical pumping effects. 



D. The finite bandwidth of the probe light 
spectrum 

In an experiment, the CBS probe laser operates ide- 
ally in a single-mode regime and its spectral bandwidth 
is much less than the natural relaxation rate of the atoms. 
But in reality the difference is not necessarily so great to 
completely ignore the spectral distribution of the laser 
radiation. Typically in our experiments on spectral scan- 
ning the sample consisting of rubidium atoms, which have 
a resonance line natural decay rate 7 ~ 5.9 MHz, the 
laser radiation has normally a bandwidth of less than 
1 MHz. For the multiple scattering process in higher or- 
ders, the scanned spectral profile of the sample is formed 
as a successive overlap of individual profiles per scatter- 
ing event, the effective output shape reveals a much nar- 
rower spectral variance than 7. Thus the bandwidth of 
the laser mode can become comparable with the spectral 
inhomogeneity in the sample spectrum associated with 
partial contributions of the higher scattering orders. 

This can be quantitatively discussed with the following 
model of a quasi-monochromatic single mode laser radi- 
ation. To define the basic parameters we approximated 
the assumed homogeneously broadened spectrum of the 
CBS laser by a Lorentzian profile 



I(co) = I 



1L 



(w-wl) 2 + (7l/2) 2 



(1) 



where ujl and 7^ are the carrier frequency and the spec- 
tral bandwidth of the laser radiation respectively. I is 
the total intensity of the incident laser radiation. The 
spectrum obeys to the following normalization condition 



(co-co )/y 



(lit! 

2^ 



I{w) 



(2) 



FIG. 10: The output spectral response of the CBS light when 
the input circular polarized laser radiation, modeled by a 
Lorentzian spectrum Q with u>l = (jJq + 1-57 and 7^ =7/6, 
is tuned in the blue wing of the F = 3 — » F = 4 optical 
transition of 85 Rb. The first graph (a) shows the distortion 
of the input Lorentzian profile (dotted curve) for the total 
ladder and interference contribution; it is normalized to the 
total output intensity of the CBS light. The second graph (b) 
shows the distortion for the interference term only; it is nor- 
malized according to the corresponding enhancement factor. 
Both the dependencies relate to the same helicity preserving 
channel. 



where in the quasi-monochromatic approximation there 
is no difference between and —00 in the lower limit of 
this integral. The basic idea in this case is that, in com- 
parison with purely monochromatic radiation, the spec- 
tral response of the initially symmetric but broadened in- 
put spectral profile JU should be significantly distorted 
by the sample due to effects of multiple scattering. 

In Figure 10 we show, in the helicity preserving chan- 
nel, the output spectral response in the backward direc- 
tion when the input circular polarized laser radiation, 
modeled by the spectrum of Eq. (JIJ with lol = loq + 1.57 
and 7x, = 7/6, is tuned in the blue wing of the F = 
3 — > F' = 4 optical transition of 85 Rb with resonant 
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FIG. 11: Scanning spectra of the intensity (a) and of the 
enhancement factor (b) in the helicity non-preserving chan- 
nel for the quasi-monochromatic laser radiation, with 71, = 
7/4, 7/6, 0. The spectra were calculated for a Gaussian type 
atomic cloud of 85 Rb atoms with no 
ro — 1 mm. 



FIG. 12: Scanning spectra of the intensity (a) and of the 
enhancement factor (b) in the helicity preserving channel for 
quasi-monochromatic laser radiation with 7l = 7/4, 7/6, 0. 
The spectra were calculated for a Gaussian type atomic cloud 
of 85 Rb atoms with no = 1.6 x 10 10 cm -3 and ro = 1 mm. 



frequency ujq. The first graph plotted in Figure 10 (a) 
shows the distortion of the input Lorentzian profile for 
the total ladder and interference contribution, the inten- 
sity being normalized to the total output intensity of the 
CBS light. In turn, the second graph depicted in Figure 
10 (b) shows the distortion of the interference term only. 
This term is normalized according to the corresponding 
enhancement factor Xef [to (Xef — ^)/Xef\- Both the 
dependencies relate to the same helicity preserving chan- 
nel. It is clearly seen that the output spectral profile be- 
comes asymmetric because of the influence of resonance 
scattering near the atomic transition in higher orders of 
multiple scattering. It may be less obvious, but there 
is also a small but not negligible difference between the 
two spectral dependences, which explains why in our ex- 
periment the spectral probe of the sample with scanning 
carrier frequency near the resonance can be sensitive 
to the spectral bandwidth of the CBS laser. 

The influence of this effect is illustrated, for the helic- 
ity preserving and non-preserving channels, in Figures 11 
and 12. There it is shown that the spectra of the total 
intensity and of the enhancement factor, generated by 



scanning of the frequency wj,, reveals different spectral 
behavior, particularly in the wings of scanned profiles. 
These are calculated results for the helicity polarization 
channels, but similar behavior takes place for the linear 
polarization channel. At first sight this spectral diver- 
gence appears as a rather weak effect, but we believe 
it should not be ignored in precise comparison of the 
experimental data with numerical simulations. Particu- 
larly, it can be important in a realistic estimation of the 
background, since such a spectral washing in the probe 
radiation response can be important in the interpolation 
procedure of the CBS cone to its wing. Indeed, the higher 
orders of multiple scattering contribute to the formation 
of the central portion of the CBS cone, but the role of 
second order scattering is more important in its wings. 
As we see for large spectral detunings, the correct es- 
timation of the enhancement factor in higher orders of 
multiple scattering is rather sensitive to the spectral dis- 
tribution of the probe radiation. 
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IV. SUMMARY 

A combined theoretical and experimental study of 
spectral variations in the coherent backscattering en- 
hancement factor, for a very narrow band resonance sys- 
tem, has been reported. Experimental data taken over a 
range of two atomic natural widths about direct atomic 
resonance suggests spectral variations in the peak value 
of the CBS enhancement. Simulations indicate that 
the combined influence of heating of the atomic ensem- 
ble, and optical pumping of the Zccman sublcvels in the 
F = 3 ground level during the coherent backscattering 
data taking phase, can qualitatively account for the ef- 
fects. The simulations of the CBS process examined 
the influence of atomic motion, in a thermal equilibrium 
model, on the spectral variation of the enhancement fac- 
tor. A model case of magnetization of the vapor due to 
optical pumping was also considered. It was found that 
these two factors could explain variations in the CBS 
enhancement observed in the experiments. The sim- 
ulations which considered the influence of atomic mag- 



netization predicted a remarkable result; the classical 
CBS maximum enhancement of two could be closely ap- 
proached for a strongly magnetized atomic sample. Fi- 
nally, it was shown, by simulation of the influence of the 
spectral bandwidth of the CBS probe laser, that even a 
quite small laser line width, in comparison to the natural 
width of the atomic transition, can influence significantly 
the CBS enhancement in the wings of the atomic reso- 
nance line. 
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